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Asymptotically safe quantum gravity is a promising candidate scenario to provide a UV extension
for the effective quantum field theory of Einstein’s gravity. The theory has its foundations on the very
successful framework of quantum field theory, which has been extensively tested for electromagnetic
and nuclear interactions. However, observational tests of asymptotically safe quantum gravity are
more challenging. Recently, a rotating black hole metric inspired by asymptotically safe quantum
gravity has been proposed, and this opens the possibility of astrophysical tests of the theory. In
the present paper, we show the capabilities of X-ray reflection spectroscopy to constrain the inverse
dimensionless fixed-point value γ from the analysis of a Suzaku observation of the X-ray binary
GRS 1915+105. We compare these constraints with those obtained from black hole imaging.
I. INTRODUCTION
Einstein’s theory of gravity, known as general relativ-
ity, is the standard theory to describe gravitational phe-
nomena in our Universe. Since it was proposed back in
1915, a large variety of experiments have been performed
to check its veracity. For most of history, these tests were
able to probe only the weak-field regime [1], and general
relativity (GR hereafter) proved to be highly successful.
The story in the strong-field regime is quite interesting.
Over the past few years, tests in the strong-field regime
have become commonplace [2–5]. While largely success-
ful here too, some features of GR in the strong-field
regime render it unsuitable as the final theory. These
include the presence of singularities, and the difficulties
to find a theory of quantum gravity beyond an effective
low-energy model. Both these issues suggest that there is
some theory that supersedes GR, and of which GR is the
low energy limit. Various proposals of such superseding
theories are matters of active research, the most popular
ones being string theory and loop quantum gravity. For
any such proposal, determining its veracity is impossible
if its predictions are not testable.
Na¨ıvely merging GR with quantum mechanics results
in a failure, due to the unfortunate fact that GR is non-
renormalizable. Workarounds have been found to re-
solve this issue, one of them being the idea of asymp-
totic safety. The basic idea of asymptotically safe gravity
is the following: quantum fluctuations modify the stan-
dard gravitational interactions by making them scale de-
pendent. This can be achieved by turning the Newton’s
coupling constant GN into a length dependent constant
GN (r). But such a modification can result in infinities
in the theory, which is a deal-breaker. In typical quan-
tum field gravity, this problem is resolved by invoking
asymptotic freedom, which prescribes that particle in-
teractions become asymptotically weaker as the corre-
sponding length scale decreases. But in GR modified
∗ Corresponding author: bambi@fudan.edu.cn
with a scale dependent G(r), perturbative renormaliza-
tion breaks down, rendering asymptotic freedom impos-
sible. The resolution lies in asymptotically safe gravity.
In such a setting, the dimensionless coupling parameter
(g(k) ≡ GN (k) k2, where k is the Renormalization Group
energy scale) becomes constant below a certain length
scale. The above condition can be reformulated as [6]
GN (k) =
g?
k2
, (1)
where g? is the asymptotically safe fixed-point value.
This results in an effective weakening of gravity above
certain energy scales (equivalently, below certain length
scales).
Black holes (BHs hereafter) are objects which, owing
to their compactness, exhibit strongest gravitational ef-
fects in our Universe. Their simple structure within GR
implies that any beyond-GR feature, if imprinted on the
BH, will be easily identified. Moreover, they are present
in large numbers in the Universe. All these features make
BHs the best probes of testing gravity in our Universe.
Within GR, BHs have at most three free parameters -
mass, spin and charge.1 Astrophysically, charged BHs
are not expected to be common [8], thus only two pa-
rameters, mass and spin, characterize all astrophysical
BHs [9, 10]. In asymptotically safe gravity, BH solutions
are modified [6]. Their deviation from GR BH solutions
is parameterized by g?.
Over the past few years, three different approaches for
probing the strong gravity effects around BHs have been
realized. Gravitational waves, mostly from binary merg-
ers at present but also from extreme mass ratio inspirals
in future, are expected to be the best probes of strong
gravity, though in some cases, it is expected to be compa-
rable [11] or weaker [12, 13] than other techniques. X-ray
spectroscopy is a very promising technique [2, 14, 15] and
is quite advanced as compared to some other techniques,
1For assumptions that go in arriving at this conclusion, see [7].
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2but suffers from parameter degeneracies and limited as-
trophysical modelling. BH imaging is the latest and a
quite exciting potential technique for probing the regions
very close to the BH, but is not expected to provide very
strong constraints on alternative theories [5, 16].
Modified BHs of asymptotically safe gravity have been
analyzed with one of these approaches. In [6], the au-
thors analyze the shadows from regular GR BHs and the
modified BHs of asymptotically safe gravity. Our aim
in the present paper is to add to this program by an-
alyzing these modified BHs with X-ray reflection spec-
troscopy. The standard model for analyzing X-ray reflec-
tion from astrophysical sources assuming GR BHs, relx-
ill [17, 18], has been extended to non-GR BHs with the
relxill nk suite of models [19, 20]. Various non-GR
theories and deviation parameters have been tested with
this approach [21–34], and a public version of the model
is available at [35, 36]. We have implemented the BH so-
lutions of asymptotically safe gravity in the relxill nk
framework. Furthermore, we have used this framework
to analyze data from an X-ray binary in our Galaxy to
get astrophysical bounds on the g? parameter.
Since astrophysical BHs mostly are rotating, and X-
ray spectroscopy is at its best for rapidly rotating BHs,
we shall focus on rotating BH solutions in asymptotically
safe gravity. The rest of the paper is organized as follows:
in Sec. II, we review the BH solutions in asymptotically
safe gravity. A review of X-ray spectroscopy, the relx-
ill nk framework, and the numerical techniques used is
provided in Sec. III. Sec. IV details the X-ray source,
observation and data analysis. Data analysis results are
discussed and a comparison with previous works is pre-
sented in Sec. V.
II. THE METRIC
To arrive at BH solutions in asymptotically safe grav-
ity, [6] prescribes two steps. Firstly, the Newton’s Cou-
pling constant GN is replaced with the generalized length
dependent GN (k), to include effects of quantum fluctu-
ations of gravity. Secondly, the Renormalization Group
energy scale k is identified with a characteristic scale of
the classical spacetime. This gives a modified BH met-
ric. We follow this prescription now, as given in [6], to
generalize the Kerr metric. The usual Kerr metric in
Boyer-Lindquist coordinates is given as
ds2 =− ∆r − a
2 sin2 θ
ρ2
dt2 +
ρ2
∆r
dr2 + ρ2dθ2
+
(a2 + r2)2 − a2∆r sin2 θ
ρ2
sin2 θ dφ2
− 2(a
2 + r2 −∆r)
ρ2
a sin2 θ dt dφ
(2)
Here, a is the specific angular momentum, defined as
a = J/M , and
ρ2 = r2 + a2 cos2 θ, (3)
∆r = r
2 + a2 − 2GMr. (4)
The first step is to generalize G to GN (k), which is given
as
GN (k) =
G0
1 + γG0k2
. (5)
The second step is to identify k with a scale in the space-
time, which is done as follows
k2 =
G0Mr
3
ρ6
. (6)
Thus, our modified-Kerr metric has one extra free pa-
rameter γ, the inverse dimensionless fixed-point value
(γ = g−1? ).
We will work in the so called natural units. In these
units, the gravitational radius is given as
rg = M/M
2
Pl, (7)
and
G0 = 1/M
2
Pl, (8)
where M is the BH mass parameter, and MPl is the
Planck mass. Finally, we define a scaled γ parameter
as follows
γ˜ =
γM2Pl
M2
. (9)
For the rest of the paper, we will use γ˜ as our deformation
parameter.
III. X-RAY REFLECTION SPECTROSCOPY
A. Theory
X-ray spectroscopy is based on the fundamental phe-
nomenon of matter accreting on BHs. As matter falls
from a companion star (in case of stellar-mass BHs) or
galactic material (in case of supermassive BHs) into a
BH, it heats up. During the accretion process, vari-
ous high-energy processes lead to a plethora of radiation
being emitted. These photons climb the gravitational
well of the BH, traverse the universe and are detected
by X-ray telescopes stationed around the Earth. Effects
of the interstellar/intergalactic media, the BH neighbor-
hood and the BH itself are imprinted on the observed
spectra.
Fig. 1 presents a schematic diagram of the BH neigh-
borhood. The BH is at the center of the system, and
in our case is given by Eq. 2. The disk is the stan-
dard Novikov-Thorne type disk [37] with the following
properties in particular: optically thick, geometrically
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FIG. 1. A schematic diagram of the disk-corona model. The
central black circle denotes the BH. The disk is indicated in
grey, and the corona in yellow. The coronal morphology is
poorly understood so this illustration is only a guess. The
arrows indicate photons and are colored according to the clas-
sification labeled on the figure and discussed in the text.
thin, equatorial and no magnetic fields. (For all disk
properties, see the reference above.) The size of disk is
parametrized with rin and rout which quantify the inner
and the outer edge of the disk, respectively. Addition-
ally, the system includes a “corona”. It is a source of
very high energy photons, with effective temperatures of
the order of 100 keV, compared to the disk where effec-
tive temperatures are given as [38]
Teff ∼
(
10
M
)1/4
keV, (10)
where M is the BH mass in the units of solar mass, and
are of the order of 1 keV for stellar-mass BHs and 0.01
keV for supermassive BHs. The formation and morphol-
ogy of the corona is a topic of active research and is
probably different for different sources (e.g., it could be
the base of an astrophysical jet [39], or a ring of high
energy electrons above the accretion disk [40]).
Given the plethora of high-energy processes happening
in the BH neighborhood, the observed spectra is mixture
of radiation of varied origins. For the model described in
Fig. 1, the total spectrum has three components. Firstly,
the particles in the disk give off thermal radiation. As
particle speeds vary along the disk, the total thermal ra-
diation is given by a multicolor blackbody radiation. Sec-
ondly, some of these thermal photons interact with the
corona and, as a result of Compton upscattering, con-
tribute a power-law component to the total spectrum.
Thirdly, those upscattered photons that impinge the disk,
get reprocessed and are reflected back, giving rise to a
reflected component. Among the three, the power-law
component is not very informative about the metric, and
the thermal component is only weakly informative. The
reflected component is most important for our purpose,
and we describe now how the asymptotically free metric
shown in Eq. 2 was implemented in a reflection model.
B. The RELXILL NK model
The reflection component is sensitive to not just the
BH (which determines particle motion in the disk and
the photon trajectory from the point of emission to the
telescope) but also to the structure and composition of
the disk, as well as the corona. Reflection models there-
fore must include parameters related to all the aspects
of the disk-corona model. To this end, a suite of mod-
els, called relxill nk [19, 20, 35, 36], has been devel-
oped. It is built for the standard X-ray data analysis
software XSPEC and includes a large class of BH-disk-
corona models. It can model both the reflection and the
power-law components of the spectrum. The eponymous
model is described below.
Parameter Default value
qin 3
qout 3
rbr [M ] 15
spin 0.998
i [deg] 30
rin [ISCO] 1
rout [M ] 400
Γ 2
log ξ 3.1
AFe 1
Ecut [keV] 300
Rf 3
δ-type 1
δ-value 0
N 1
TABLE I. The parameters included in the relxill nk model
and their default values. The units of the parameters, where
applicable, are indicated. In particular, rin is specified in units
of ISCO by default, but can also be specified in units of M .
Tab. I lists the the basic relxill nk model parame-
ters and their default values. These parameters describe
different aspects of the system, as follows.
• The spacetime is modeled using three parameters: a∗
specifies the BH spin, δ-type is an integer that is used to
switch between different deformation parameters, and
δ-value specifies the value of the chosen deformation
parameter.2
2Note that the BH mass is not a model parameter since, unlike the
thermal spectrum, the reflection spectrum does not depend on the
BH mass explicitly.
4• The emissivity profile of the disk is modeled as a power
law as follows:
I ∝ 1
rqin
if r < rbr,
I ∝ 1
rqout
if r ≥ rbr.
The following assumptions are made about the disk
structure: it is assumed to be infinitesimally thin, con-
fined in the equatorial plane and particles in the disk
move in quasi-geodesic circular orbits. Thus only two
structure parameters are needed to describe the disk
structure, viz. rin and rout, the inner and the outer
radius of the disk, respectively.
• The composition of the disk is assumed to follow our
sun, i.e., the relative elemental abundances follow their
solar values. The notable exception is iron, which is
modeled with AFe, defined as the ratio of iron content
in the disk and the iron content in the sun. This is
to account for higher (or lower) iron content in the ac-
cretion disks, as it depends on the history of the con-
stituents that make up the disk. Besides this, log ξ
parametrizes the ionization of the disk (where ξ is in
units of erg cm/s), and ranges from 0 (neutral) to 4.7
(highly ionized).
• The coronal emission is taken care of with Γ, which is
the index of the power-law component, and the high
energy cut-off Ecut, beyond which the power-law com-
ponent is exponentially suppressed. The latter is a fea-
ture that can be inferred from observations and must
be included if we have data covering the hard X-ray
spectrum.
• Since the model includes both the power-law and the
reflection component, Rf is provided to control the rel-
ative contributions of the two components. It is defined
as the ratio of intensity emitted towards the disk and
that escaping to infinity.
• The observer’s viewing angle is accounted with i and
the overall normalization with N .
Other models in the relxill nk suite change one or
more aspect of the basic model, e.g., relxilllp nk as-
sumes the corona is a point source on the BH spin axis,
relxillD nk allows for higher electron density in the
disk, and so on. For a complete list of models in the
relxill nk suite, please see [20].
C. Numerical method
We now describe how the metric in Eq. 2 was imple-
mented in the relxill nk model. The output of the
model includes the reflection spectrum at the telescope
screen. This is given as
Fo(νo) =
∫
Io(νo, X, Y )dΩ˜ , (11)
Here Io is the specific intensity (e.g., in units of
erg s−1 cm−2 str−1 Hz−1) as detected at the telescope, X
and Y are the Cartesian coordinates of the image of the
disk in the screen of the telescope, and dΩ˜ = dXdY/D2
is the element of the solid angle subtended by the im-
age of the disk in the telescope screen. dΩ˜ can be recast
using the redshift factor and the transfer function [41].
The former is defined in terms of the photon’s frequency
in the telescope’s frame of reference at the point of de-
tection, νo, and the same in the emitter’s rest frame at
the point of emission, νe, as follows:
g =
νo
νe
. (12)
The latter is defined as follows:
f(g∗, re, i) =
1
pire
g
√
g∗(1− g∗)
∣∣∣∣ ∂ (X,Y )∂ (g∗, re)
∣∣∣∣ . (13)
where re is the radial coordinate at the point of emis-
sion on the disk and g∗ is the normalized redshift factor,
defined as
g∗ =
g − gmin
gmax − gmin , (14)
where gmax = gmax(re, i) and gmin = gmin(re, i) are, re-
spectively, the maximum and the minimum values of the
redshift factor g at a fixed re and for a fixed inclination
angle of the telescope relative to the BH spin axis. Io
can be recast using the Liouville’s theorem:
Io = g
3Ie, (15)
in terms of the redshift factor and Ie, the specific inten-
sity at the point of emission. This results in the following
expression for the flux.
Fo(νo) =
1
D2
∫ rout
rin
∫ 1
0
pire
g2√
g∗(1− g∗)f(g
∗, re, i)Ie(νe, re, ϑe) dg∗ dre . (16)
Here D is the distance of the observer from the source
and ϑe is the photon’s direction relative to the disk at
the point of emission. The re-integral ranges from the
inner to the outer edge of the disk, and the g∗-integral
ranges from 0 to 1.
The introduction of the transfer function enables a sep-
5aration between the microphysics at the disk and the
photon travel along the null geodesic. The reflection
spectrum can be readily calculated using Eq. 16 if the
transfer function is known. But the high computational
cost to calculate the transfer function by tracing photons
and using Eq. 13 whenever the flux needs to be calcu-
lated, prohibits the direct usage these equations. Rather,
the relxill nk framework uses interpolation schemes to
calculate the transfer function for any {g∗, re, i} from the
transfer functions for some {g∗, re, i}. The transfer func-
tion data for some {g∗, re, i} is stored in a FITS (Flexible
Image Transport System) table. The procedure to create
such a table is described in [19, 20]. We briefly overview
this scheme here.
The three model parameters spin a∗, deformation pa-
rameter γ˜ and the telescope’s inclination angle i, are dis-
cretized in a 36 × 30 × 22 grid, respectively. The grid
spacing in each dimension is non-uniform, e.g., the grid
becomes denser as a∗ increases, since the ISCO radius
changes faster with increasing a∗. The spacing is chosen
as a balance between sufficient resolution during interpo-
lation and a reasonable FITS file size. The range of a∗
is from 0.71 to 0.9982, since our focus is on rapidly ro-
tating BHs. The range of γ˜ is obtained by imposing that
our metric describes a black hole with an event horizon,
namely the equation ∆r = 0 has at least a real positive
solution. Such a requirement gives an upper bound on γ˜,
say γ˜ ≤ γ˜crit. The lower bound is simply zero, following
Eq. 9 and since all quantities therein are greater than or
equal to zero. The Kerr solution is recovered at γ˜ = 0.
The 36× 30 grid for a∗ and γ˜ is shown in Fig. 2.
FIG. 2. The grid of values, represented by blue circles, of
spin a∗ and deformation parameter γ˜ for which the transfer
functions are calculated and stored in the FITS table. Note
that the grid spacings are non-uniform in both a∗ and γ˜.
For each grid point (i.e., for each a∗, γ˜, and i), the ac-
cretion disk is discretized in the re and the g
∗ dimension,
with 100 and 40 values, respectively.3 The re dimension
ranges from the ISCO to 1000M , and is non-uniform,
with higher density near the ISCO. The g∗ dimension is
equally spaced between  and 1− , where  = 10−3 (and
not 0 and 1 since the transfer function diverges at those
values). A fourth order Runge-Kutta ray-tracing scheme,
described in [19, 20], traces the photons backwards in
time from the telescope screen (placed at asymptotically
large distance from the BH) to the disk. Due to the
highly curved spacetime near the BH, the landing loca-
tion of the photon on the disk is not known a priori. An
adaptive algorithm is used to fine-tune the initial position
of the photon on the telescope screen so that the photon,
when ray-traced backwards, lands at the desired re. For
each such “central” photon, the code calculates the red-
shift, emission angle, etc. needed for calculation of the
transfer function using Eq. 13. Four additional photons
are fired for each central photon to calculate the Jacobian
in Eq. 13. The initial positions of the additional photons
on the telescope screen are chosen to ensure that the re-
sultant Jacobian is convergent. For each re, about 100
central photons are computed, which are then interpo-
lated to get the transfer function and the emission angle
on the 40 equally spaced values of g∗, which is stored in
the FITS file.
IV. DATA ANALYSIS
Having developed the model to calculate reflection
spectra for the BH in Eq. 2, we used this model to analyze
data from an X-ray binary to constrain the free parame-
ter γ˜. In this section, we describe the X-ray source, the
observation we used to analyze this source, and the data
analysis.
A. Review
GRS 1915+105 (also known as V1487 Aquilae) is a low
mass X-binary at a distance of 8.6 kiloparsecs [42]. The
mass of the BH in GRS 1915+105 is ∼ 12.4M, making
it one of the most massive stellar BHs detected in the
Milky Way galaxy. It has been a persistent source of X-
rays since 1992. It has been extensively analyzed with
the relxill nk suite of models, with two observations,
one from the NuSTAR telescope and the other from the
Suzaku telescope. In [32], we used relxill nk to ana-
lyze the 2012 NuSTAR observation. In [33], we analyzed
the 2007 Suzaku observation. The former observation
proved difficult to fit and gave inconsistent values of the
deformation parameter analyzed there. The Suzaku ob-
servation on the other hand required fewer models for a
3Because of the way the transfer function is defined in Eq. 13, it
goes to zero when the redshift is maximum or minimum, resulting
in two branches of transfer function between g∗ = 0 and g∗ = 1.
6good fit, and gave consistent best-fit values for the pa-
rameters. A difference in the state of the source was also
inferred from the observations. The NuSTAR observa-
tion required a thermal component, suggesting a hotter
disk during the observation. The Suzaku observation, on
the other hand, required no thermal component, suggest-
ing a colder disk during the observation. Since the relx-
ill nk model, which based on xillver, assumes a cold
disk, the fits with the Suzaku observation were deemed
more trustworthy.
In [33], the Suzaku observation was also analyzed with
different versions of relxill nk and different deforma-
tion parameters. A qualitative picture emerged thus: the
base relxill nk model provides a good fit to the obser-
vation, the emissivity profile follows the broken power
law, shown in Eq. 11. The emissivity index in the inner
parts of the disk is quite large and in the outer parts it is
quite small (Such an emissivity profile could be a result
of a ring-like corona above the accretion disk [40, 43]),
the BH spin is very high (∼ 0.99), and the inclination
is ∼ 60 − 70 degrees. Different deformation parameters
have been tested with this observation [33, 44]. In all
cases, the Kerr limit was covered with high confidence,
making the BH consistent with a Kerr BH. Recently, this
observation was also analyzed with a thick-disk version
of relxill nk [45] (typical models assume an infinites-
imally thin disk, this assumption was relaxed in this
study). The thick disk relxill nk model provides only
a marginally better fit than the base relxill nk model,
with no significant difference in the best-fit values of the
model parameters.
B. Observations and data reduction
The Suzaku observation we will analyze was made on
May 7, 2007 for 117 kiloseconds (Obs ID 402071010).
Among the four XIS units on board, two were turned
off to preserve telemetry and a third unit was running
in the timing mode. Therefore we have data from XIS1
only. Additionally, we have data from the HXD/PIN
instrument on board.
The details of data reduction for this observation have
been given in [32]. We only mention some highlights
of the reduced data here, and refer the reader to that
reference for further details. The data was grouped to
have a minimum of 25 photons per bin. For XIS1, a net
exposure time of 28.94 ks in the 3× 3 editing mode was
achieved. The energy band for data analysis was finalized
as 2.3 − 10 keV. The lower bound is due to a lack of
sufficient photons below 2.3 keV, and the upper bound is
chosen in order to avoid calibration issues near the Si K
edge. For the HXD/PIN data, a net exposure time of
53.00 ks was achieved in the 12.0–55.0 keV energy band
(the choice of the energy range follows [46]). XSPEC
12.10.1f was used to analyze the data.
C. Modelling and results
Since this observation has been analyzed before with
relxill nk, it was natural to begin with the best-fit
model combination found previously as a first guess. We
thus fit the observation with the following model:
Model: tbabs*relxill nk.
Here tbabs accounts for galactic absorption [47]. The
galactic column density parameter is kept free during the
fitting. The power-law and the reflection components are
modeled with relxill nk. The inner edge of the disk is
assumed to be at the innermost stable circular orbit, a
standard assumption valid in particular for this obser-
vation since the Eddington scaled accretion luminosity
was 20% during the observation [46, 48, 49], and the
outer edge at 400M (the fit is not particularly sensitive
to the outer radius and therefore we leave it at its default
value).
FIG. 3. Top: The spectral model presented in Tab. II. Bot-
tom: Data to model ratio for the spectral fit shown in the top
panel. The XIS1 data is in magenta, the HXD/PIN data in
blue. See the text for more details.
The best-fit model and the ratio of the data to the
model is shown in Fig. 3, in the top and the bottom
panels respectively. Note that there are no significant
features in the ratio plot, suggesting that the model fits
the data well. Tab. II shows the best-fit parameter values
and the χ2 measure of the best-fit. Since the reduced χ2
is close to 1, the best-fit model provides a good statistical
fit to data. We can thus conclude that the model provides
a satisfactory fit to the data.
V. DISCUSSION
We now discuss the results of the data analysis pre-
sented above. We can compare the best-fit parameter
values obtained here with their values in other analyses.
Among the BH neighborhood parameters, the emissiv-
ity profile, for example, follows previous results, with qin
pegged at a large value, and a nearly zero value of qout,
with the break occurring near 6M . Such an emissivity
profile is expected for a ring-like corona above the ac-
7Model Best-fit
tbabs
NH/10
22cm−2 8.84+0.06−0.04
relxill nk
qin 9.77
+(P)
−0.21
qout 0.0
+0.3
rbr [M ] 6.41
+0.19
−0.60
a∗ 0.972
+0.022
−0.019
i [deg] 73.8
+0.7
−0.4
Γ 2.39
+0.05
−0.03
log ξ 2.72
+0.03
−0.02
AFe 0.53
+0.06
−(P)
Ecut [keV] 122
+13
−6
Rf 0.79
+0.05
−0.04
γ˜ 0.024
+0.023
−(P)
χ2/dof 2301.03/2222
= 1.03557
TABLE II. Summary of the best-fit values for the best-fit
spectral model. The reported uncertainties correspond to the
90% confidence level for one relevant parameter. For qout
there is no lower uncertainty because the best-fit value is stuck
at the lower boundary. (P) indicates that the 90% confidence
level reaches one of the boundaries of the parameter: the
upper boundary of qin is 10, the lower boundary of AFe is 0.5,
and the lower boundary of γ˜ is 0.
cretion disk [40, 43]. The spin and inclination are high,
the iron abundance is below solar, and the cut off en-
ergy is quite low, all of which is consistent with previous
results. Of course, the parameter of primary interest in
this analysis is the deformation parameter γ˜. We find
that
γ˜ <∼ 0.047, (17)
at 90% confidence. This is can be directly compared
with the results in [6]. There, the authors, using bounds
on the mass of M87∗ obtained by the EHT collabora-
tion [50], provide the following constraint: γ˜ <∼ 2, which is
significantly weaker than the constraints obtained in the
present work. Future observations, of Sgr A∗, by EHT
are expected to improve the constraints to be: γ˜ <∼ 0.5,
which is still an order of magnitude weaker than those in
Eq. 17.
The difference between our constraint and those from
black hole imaging is even more remarkable in terms of
γ, which is the real physical parameter for the theory,
because GRS 1915+105 is a stellar-mass black hole while
Sgr A∗ and M87∗ are supermassive black holes of, respec-
tively, some million and some billion Solar masses. Our
constraint is
γ =
γ˜M2
M2Pl
<∼ 6 · 1076 . (18)
The constraint γ˜ <∼ 0.5 from future observations of Sgr A
∗
corresponds instead to γ <∼ 7 · 1088.
0
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FIG. 4. The contour plot of spin a∗ vs. γ˜, illustrating the
degeneracy between the two parameters. The red, green
and blue lines show the 68%, 90%, and 99% confidence level
boundaries respectively. The Kerr solution is recovered at
γ˜ = 0. The gray region is ignored in our analysis because
in such a region the spacetime has no horizon (γ˜ > γ˜crit, see
Section III C). See the text for more details.
The results presented above should be seen in the
proper context. A crucial source of error in our measure-
ment of γ˜ is systematic uncertainty. The relxill nk
model makes a series of assumptions about the disk and
the corona. Whether these assumption are valid depends
on the particular source and the particular observation,
and is a matter of debate. Even within the model, inter-
parameter degeneracies may result in larger uncertain-
ties. To illustrate, since spin and deformation parameter
are generally degenerate, we show a contour plot of a∗
vs. γ˜ in Fig. 4. The red, blue and green curves are for
68%, 90% and 99% confidence levels, respectively. The
degeneracy between spin and γ˜ is evident here.
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